The thermodynamic effects of the disulfide bond of the fragment protein of the starch-binding domain of Aspergillus niger glucoamylase was investigated by measuring the thermal unfolding of the wild-type protein and its two mutant forms, Cys3Gly/Cys98Gly and Cys3Ser/Cys98Ser. The circular dichroism spectra and the thermodynamic parameters of binding with -cyclodextrin at 25 C suggested that the native structures of the three proteins are essentially the same. Differential scanning calorimetry of the thermal unfolding of the proteins showed that the unfolding temperature t 1=2 of the two mutant proteins decreased by about 10 C as compared to the wild-type protein at pH 7.0. At t 1=2 of the wild-type protein (52.7 C), the mutant proteins destabilized by about 10 kJ mol À1 in terms of the Gibbs energy change. It was found that the mutant proteins were quite stabilized in terms of enthalpy, but that a higher entropy change overwhelmed the enthalpic effect, resulting in destabilization.
Glucoamylase (1,4--D-glucan glucohydrolase, EC 3.2.1.3) from Aspergillus niger hydrolyzes starch from the non-reducing end to produce glucose. This enzyme molecule consists of two main domains, as is usual with insoluble polysaccharide degrading-enzymes: 1) the Nterminal side catalytic domain and the C-terminal side starch-binding domain. The starch-binding domain is classified as a family 20 carbohydrate-binding module among 49 families 2) (http://afmb.cnrs-mrs.fr/CAZY/). Adiabatic differential scanning calorimetry (DSC) analysis of the enzyme revealed that these two domains unfold independently, and that the thermal unfolding of the catalytic domain is irreversible while that of the starch-binding domain is reversible.
3) The starch-binding domain was isolated as a fragment protein with 110 amino acid residues and a molecular weight of 12,100, and its thermal stability was studied by DSC. 4) It was found that the thermal unfolding of the fragment protein was reversible. 4) The starch-binding domain, SBD, contains a disulfide bond between Cys3 and Cys98 5) ( Fig. 1 ), which corresponds to Cys509 and Cys604, respectively, of the whole glucoamylase molecule. The former cysteine is located at the N-terminal end and the latter at the loop between the seventh and eighth -strands. The loop length enclosed by the disulfide bond is 94 amino acid residues. This is a fairy long loop, considering that the average size of a naturally occurring loop formed by a disulfide bond is 15 residues. [7] [8] [9] The disulfide bond is regarded as an important factor in stabilizing proteins, and hence it is expected that SBD is destabilized by the deletion of the disulfide bond. We have reported preliminary results of DSC observations of single mutant proteins of SBD, Cys3Gly and Cys3Ser, and have shown that deletion of the disulfide bond destabilized the protein. 10) For these mutant forms with a single mutation, however, the possible formation of an intermolecular disulfide bond could not be excluded. 10) In this study, we attempted to analyze the thermodynamic effects of the disulfide bond on the thermal stability of the protein by measuring the thermal unfolding of the wild-type SBD and double mutant forms, Cys3Gly/Cys98Gly and Cys3Ser/Cys98Ser, in detail. We discuss the results in relation to representative interpretations of the stabilizing effect of the disulfide bond.
Materials and Methods
Preparation of wild-type SBD and mutant proteins. Wild-type fragment protein and its mutant proteins were y To whom correspondence should be addressed. Fax: +81-59-231-9684; E-mail: akiyoshi@bio.mie-u.ac.jp Abbreviations: ANS, 1-anilino-naphthalene-8-sulfonic acid; -CD, -cyclodextrin; CD, circular dichroism; DSC, differential scanning calorimetry; GG, mutant protein Cys3Gly/Cys98Gly; SBD, starch-binding domain; ITC, isothermal titration calorimetry; PCR, polymerase chain reaction; SS, mutant protein Cys3Ser/Cys98Ser prepared by a previously described method, 4) except that the inclusion bodies were solubilized by urea and the proteins were refolded by dialysis. The mutations were introduced using PCR. The primers used for Cys3Gly/ Cys93Gly were as follows: 5 0 -AAGGATCCATCGAG-GGAAGGACCTCCGGTACCACTCCCACC-3 0 , which encodes the factor Xa cleavage site, the Cys3Gly mutation, and an additional BamHI site for cloning, and 5 0 -CGGTCGACGTTCCGCCCGCCTGA-3 0 , which involves the Cys93Gly mutation and a SalI site. The mutated nucleotides are underlined. The amplified DNA fragment was digested with BamHI and SalI and ligated into the BamHI-SalI site of expression vector pQESBD1, constructed in a previous study.
4 ) The primer sequences for Cys3Ser/Cys93Ser were as follows: 5 0 -AAGGATCCATCGAGGGAAGGACCTCCTCTACCA-CTCCCACC-3 0 , containing the factor Xa cleavage site, the Cys3Ser mutation, and a BamHI site, and 5 0 -CGG-TCGACGTTCCGCTCGCCTGA-3 0 , including the Cys93Ser mutation and a SalI site. The sequences of the mutated regions were confirmed by DNA sequencing.
The protein concentration was measured spectrophotometrically with the molar absorption coefficient, ", of 30,500 cm À1 M À1 at 280 nm. 4) The resulting N-terminal sequence was confirmed by protein sequencing.
Differential scanning calorimetry. Thermal unfolding of the proteins was measured with a high sensitivity differential scanning calorimeter, VP-DSC, from MicroCal (Northampton, MA), at a scan rate of 1 K min À1 . The DSC curves were analyzed by a procedure described earlier. 4, 11, 12) Sodium phosphate buffer, pH 7.0, was used at a concentration of 20 mM.
Circular dichroism spectroscopy. Far-UV circular dichroism (CD) spectra were obtained using a CD spectropolarimeter, JASCO J-820, from Jasco (Tokyo). The spectra were recorded four times between 200 and 250 nm using a quartz cell with a 1 mm light path-length. The temperature of the sample was kept at 25 or 70 C with a Peltier temperature controller. Thermal unfolding curves were recorded by monitoring the change in ellipticity at 227 nm with continuous heating at 1 K min À1 . The resulting unfolding curves were analyzed assuming a two-state unfolding model.
Isothermal titration calorimetry. The binding equilibria of -cyclodextrin with the wild-type and mutant proteins were measured with an isothermal titration calorimeter, VP-ITC, from MicroCal, at pH 7.0 and 25 C. Control dilution of the ligand solution into the buffer was also performed to correct the observed binding heats. The titration data were analyzed with the Origin 5.0 software supplied with the calorimeter, using a simple model that assumes identical binding sites.
ANS-Binding experiments.
The interaction of 1-anilino-naphthalene-8-sulfonic acid (ANS) with the proteins was monitored by fluorescence spectroscopy at pH 7.0 and 25 C. The fluorescence measurements were carried out using a Shimadzu RF-5300PC Spectrofluorophotometer (Kyoto, Japan) using a quartz cell with a 1 cm light path-length. The protein concentration used was 5 mM, and the molar ratio of the protein to ANS was 1:30. The samples were excited at 350 nm, and emission spectra were recorded from 400 to 700 nm.
Results and Discussion
Differential scanning calorimetry Figure 2 shows DSC thermograms for the wild-type SBD and the mutant proteins, Cys3Gly/Cys98Gly and Cys3Ser/Cys98Ser. In the following section, we refer to the mutant proteins as GG and SS respectively. For each case, a single endothermic peak was observed; the peak temperature t p was 53 C for the wild-type protein and 43 C for the mutant proteins. Thus it is evident that removal of the disulfide bond significantly destabilizes the protein. No significant dependence of t p on the protein concentration was observed in any case, indicating that the unfolding reaction did not accompany dissociation or association. 13) To assess the reversibility of unfolding, each protein solution after the scan was cooled rapidly to 5 C in the calorimeter cell and immediately rescanned. Unfolding of the wild-type protein was confirmed to be fully reversible, based on the reproducibility of the DSC traces (see Fig. 2A and B). In the case of the mutant proteins, the second DSC trace was almost the same as the initial The N and C termini are marked. The arrow highlights the disulfide bond between Cys3 and Cys98. This figure was drawn by the program PyMOL, 6) from the PDB entry 1KUM. 5) one, except that a small endothermic peak was observed around 25 C, in addition to the main peak around 43 C ( Fig. 2D and F) . When the solutions of the mutant protein after the initial scan were kept at 5 C overnight in the calorimeter cell and then rescanned, the second scan was essentially the same as the initial one without the small peak around 25 C. It is possible that a percentage of the mutant protein molecules were misfolded by the rapid temperature decrease and then slowly formed the proper native structure. If this is the case, the disulfide bond not only stabilizes the SBD molecule, but also prevents the protein molecule from possible misfolding. We are now investigating the further details of this event. In this report, we simply assume that the unfolding of the mutant forms is reversible in nature and that equilibration between the native and unfolded states is attained at any temperature under the stated experimental conditions.
The data for all scans, after subtraction of the instrumental base line, were fitted by a least-squaring procedure to a two-state model N U, where N is the native state and U is the unfolded state of the protein.
The adjustable parameters of the unfolding are t 1=2 in C, at which the unfolding is half-completed (½U= ½N ¼ 1 in monomeric units), Áh cal , the specific enthalpy of unfolding at t 1=2 in J g À1 units, ÁH vH , the van't Hoff enthalpy of unfolding, and Ác p , the specific heat capacity change upon unfolding at t 1=2 . Typically, the value of Ác p is obtained from the temperature dependence of Áh cal by varying the pH, because the value of t 1=2 usually depends on the pH. 14) In the SBD case, however, the dependence of t 1=2 on pH was not significant, and the unfolding was irreversible at pH 4.0 and lower with precipitation at higher temperatures. The value of Ác p was therefore obtained from each DSC curve directly. The results are summarized in Table 1 . In the table, the values of the ratio ÁH vH =ÁH cal , where ÁH cal is Áh cal Â molecular weight, is also listed. The ratio ÁH vH =ÁH cal was greater than unity in each case. The reason for this deviation from unity is not clear at the present time, but it is possible that a percentage of the protein molecules are dimeric both in the native and the unfolded states, and that the ratio of the monomeric and dimeric proteins is unchanged upon unfolding. 13) The temperature dependencies of the standard Gibbs energy change, ÁG 0 , of the thermal unfolding were calculated by the following equation:
where
The value of ÁÁG 0 , which is defined as ÁG 0 ðmutantÞ À ÁG 0 ðwild-typeÞ at t 1=2 of the wild-type protein, is a convenient measure of the change in stability produced by the mutations. The value of ÁÁG 0 was À11 kJ mol À1 for GG and À10 kJ mol À1 for SS; that is, these mutants were destabilized by about 10 kJ mol À1 in terms of ÁG 0 . In the same manner, ÁÁH and ÁÁS 0 , the differences in ÁH and ÁS 0 between the mutant and the wild-type proteins, respectively, were calculated and are listed in Table 2 .
Circular dichroism spectroscopy
The far-UV CD spectra of the proteins observed at 25 C are shown in Fig. 3 . No difference between the wild-type and mutant forms was detected, suggesting that the native structure of the mutant forms is essentially the same as that of the wild-type.
CD spectra obtained at 70 C were also recorded (Fig. 3) , and showed that the secondary structure was not maintained at this temperature for each case. The Isothermal titration calorimetry -Cyclodextrin (-CD) is a substrate analog of glucoamylase, and two -CD molecules bind to the starch-binding domain. 15) The thermodynamic parameters of the binding of -CD, which are expected to be sensitive to possible changes in the structure of the proteins, were evaluated by isothermal titration calorimetry (ITC). A typical binding isotherm is presented in Fig. 5 .
The binding parameters obtainable from the ITC are n, the number of -CDs bound to the protein, K d , the dissociation constant, and ÁH, the enthalpy change in the binding interaction. The binding sites are assumed to be identical to a first approximation. The Gibbs energy change ÁG 0 and the entropy change ÁS 0 of the binding are calculated by ÁG 0 ¼ ÀRT lnð1=K d Þ and TÁS 0 ¼ ÁH À ÁG 0 , respectively, in which R is the gas constant and T the absolute temperature. The enthalpy change ÁH, evaluated from the calorimetry, is assumed to be equal to the standard enthalpy change ÁH 0 . The binding data are listed in Table 3 . The values of ÁH and TÁS 0 were negative at 25 C for all proteins, indicating that the binding of these three proteins with -CD is an enthalpy-driven reaction. The values were virtually the same as between the wild-type and mutant proteins.
ANS-Binding experiments
To test the idea that the hydrophobic core of the mutant protein is more or less exposed to the solvent by removal of the disulfide bond, the ANS emission spectra were observed at 25 C. No difference between the wildtype and mutant forms was detected (data not shown).
Contribution of the disulfide bond to protein stability
The disulfide bond is regarded as an important factor in stabilizing globular proteins, and many studies have reported that the stability of proteins is increased by disulfide bonds. [16] [17] [18] [19] [20] [21] In the present study, we aimed to analyze the thermodynamic effects of a disulfide bond using the starch-binding domain of glucoamylase as a model protein; it has a single disulfide bond that forms a long loop, and has no free cysteine residue. We used two mutant forms that lack the disulfide bond by substituting two cysteine residues for glycine and serine. No essential difference was observed between the wild-type and mutant proteins in the CD and ITC data at 25 C. These results suggest that the wild-type and mutant proteins are isomorphous in their native states, and that the removal of the disulfide bond causes no significant change in the three-dimensional structure of the native state. In addition, no essential difference was found between the two mutant forms in the DSC, CD, or ITC data, which indicates that the stability differences observed between the wild-type and mutant proteins are derived predominantly from the availability of the disulfide bond, and are independent of the size and the electric charge of the side chain of cysteine and the substituted amino acid residues.
The mutant proteins were destabilized by about 10 kJ mol À1 in terms of ÁG 0 (ÁÁG 0 ¼ À10 kJ mol À1 ), which is similar to the values observed in disulfidedeficient mutants such as thioredoxin (À12:6 kJ mol À1 at 85.3 C), 16) and ribonuclease T1 (À14:2 kJ mol À1 at 12.5 C). 22) The values of ÁÁH and TÁÁS 0 , the changes in ÁH and TÁS 0 of unfolding were both positive (Table 2 ). This result indicates that the mutant proteins are more stabilized relative to the wild-type protein in terms of enthalpy change, contrary to the theory of Doig and Williams, 23) which predicts that the deletion of a disulfide bond destabilizes the protein due to an enthalpic decrease. The value of the entropic term TÁÁS 0 was larger than ÁÁH in each case, resulting in negative values of ÁÁG 0 . Thus the observed destabilization of the mutant proteins is mainly attributed to the higher entropy change. Previous studies with thioredoxin 16) and hen lysozyme 24, 25) also indicate that destabilization due to the removal of a disulfide bond is to be attributed to an entropic increase, whereas DSC experiments with human lysozyme, 17) Cucurbita trypsin inhibitor, 20) and Tendamistat 26) revealed that the destabilization is associated with an enthalpic decrease.
According to the chain-entropy theory, destabilization caused by removal of a disulfide bond can be attributed to the increased entropy of the unfolded state. 22, [27] [28] [29] Pace et al. showed that the effect of a disulfide bond on the conformational entropy ÁS conf is given by the following equation:
where v is the number of residues in the loop formed by a disulfide bond. 22) The calculated entropic contribution to the destabilization of the mutated SBD (v ¼ 96) should be 66 J K À1 mol À1 , lower than the values obtained by DSC analysis, 210 J K À1 mol À1 for GG and 160 J K À1 mol À1 for SS (Table 2 ). This discrepancy might be due at least partially to the fact that ÁÁH is positive, whereas the chain-entropy theory does not take the change in ÁH of unfolding into account. 22 ); * Several studies have reported a similar discrepancy. 8, 16, 26, 30, 31) It has been suggested that the discrepancy might arise from an increase in the conformational flexibility of the native state due to removal of the disulfide bond or the presence of residual structures in the unfolded state. As for the case of SBD, however, based on the DSC, CD, and ITC data obtained in this study, there was no indication of any change in the native structure due to removal of the disulfide bond or the residual structure in the unfolded state. Detailed structural data on the native and unfolded states of the wild-type and mutant proteins are needed.
In summary, the present study indicates that deletion of the disulfide bond in the SBD molecule increased both the entropy and the enthalpy changes of unfolding, and the entropic effect overwhelmed the enthalpic one, resulting in destabilization of the disulfide-deficient mutants. The enthalpic stabilization effect was in dis- 23) The increased entropy change can be attributed to the increase in disorder of the unfolded state of the mutant forms, but the classical chain entropy model 22, [27] [28] [29] does not appear to explain the phenomenon sufficiently. An analysis of the structure of the wild-type and mutant proteins is scheduled to detect possible changes in their native and unfolded states.
